Many animals show left-right (LR) asymmetric morphology. The mechanisms of LR asymmetric development are evolutionarily divergent, and they remain elusive in invertebrates.
Introduction
Left-right (LR) asymmetry in body structures is a crucial aspect of development in many animals (Levin, 2005; Vandenberg and Levin, 2013; Okumura et al., 2008; Shiratori and Hamada, 2006) . Several distinct mechanisms have been revealed that contribute to the formation of the LR axis in various species (Nakamura and Hamada, 2012; Palmer, 2004) , including the LR-asymmetric flow of extra embryonic fluid (nodal flow), LR ion flux asymmetry in blastomeres, and LRasymmetric cell migration. Some mechanisms may function simultaneously within a species (Yost, 2003; Adams et al., 2006; Gros et al., 2009) . In some vertebrate species, including mice and fish, nodal flow created by the clockwise rotation of monocilia in the node initiates the formation of an LR axis in the embryo, and subsequently induces the LR-asymmetric expression of a conserved set of genes called the nodal cassette (Nonaka et al., 1998; Krebs et al., 2003; Essner et al., 2005; Larkins et al., 2012) . However, cilia are not found in the node of the pig embryo, suggesting some diversity in the mechanism of LR axis formation (Gros et al., 2009) . Furthermore, in the chick LR-asymmetrical cell movement around Hensen's node, which is equivalent to the mouse node, is observed as a first cue of LR asymmetric development (Gros et al., 2009 ). Monocilia do not exist in Hensen's node (Gros et al., 2009 ). In the frog, LR-asymmetric ion gradients precede nodal cassette expression, and the LR-asymmetric distribution of H + /K + ATPase mRNA is observed as early as the 2-4-cell stage (Levin et al., 2002) . It was also shown that an H + /K + ATPase-dependent LR-difference in membrane voltage potential is important for LR patterning (Levin et al., 2002) . In addition, LR asymmetry of H + -V-ATPase-dependent H + flux at the 4-8-cell stage is also required for LR patterning in the chick, frog, and zebrafish (Adams et al., 2006) . The mechanisms of LR-asymmetric development are more elusive in invertebrates, although LR asymmetry in blastomere shape at very early cleavage and in blastomere cytoskeletal organization is known to be involved in LR axis formation in snails and nematodes Kuroda et al., 2009; Meshcheriakov, 1976; Pohl and Bao, 2010) . Thus, to ascertain all the mechanisms at work in LR-asymmetric development in animals, it is important to explore how these mechanisms function in various invertebrate species . In this respect, Drosophila is a useful model for studying the genetic and molecular mechanisms that form the LR axis and subsequent LR-asymmetric development Kuroda et al., 2012; Nakamura et al., 2013) . Several organs in Drosophila, including the gut, testis, male genitalia, and brain, show stereotypical LR asymmetry Spé der et al., 2006; Pascual et al., 2004) . Among these organs, the gut of the developing embryo is the first structure to show LR asymmetry (Hayashi and Murakami, 2001; Hozumi et al., 2006) ; the foregut, midgut, and hindgut all show clear, genetically determined LR-asymmetric morphology . The embryonic hindgut has a simpler structure than the foregut or midgut, making it easier to analyze. The embryonic hindgut is composed of a single-layer epithelial tube covered by visceral muscle cells (Lengyel and Iwaki, 2002) . Early in development, the embryonic hindgut is LRsymmetric and curves ventrally, but as it develops it undergoes a 90°left-handed rotation (Fig. 1A) , causing it to curve toward the right (Fig. 1B) (Hayashi and Murakami, 2001; Taniguchi et al., 2011) . This process occurs without cell division or apoptosis (Iwaki et al., 2001; Wells et al., 2013) . Eliminating the overlying visceral muscle has no effect on the LR asymmetry of the embryonic hindgut (Hozumi et al., 2008) , indicating that the hindgut epithelial tube is sufficient to induce this left-handed rotation without the assistance of the overlying visceral muscles (Hozumi et al., 2008; Vandenberg and Levin, 2013) .
We recently reported that epithelial cells of the embryonic hindgut show planar cell chirality (PCC), a form of planar polarity that reflects the LR asymmetry of the cells on the plane of their cell layer . PCC is observed in LR asymmetry in the shape, centrosome position, and Drosophila E-cadherin (DE-cad) distribution in individual cells . In our previous study, a computer model suggested that cell-shape chirality is formed through mechanical force, possibly controlled by the LR-asymmetric distribution of DE-Cad ). This computer model also suggested that the cell-shape chirality can induce epithelial-tube rotation . Interestingly, cell chirality is seen in various cultured mammalian cells, suggesting that cell chirality is a conserved property of cells Xu et al., 2007; Chen et al., 2012) . However, the mechanism of cell chirality formation is largely unexplored.
In Drosophila loss-of-function Myo31DF mutants, the direction of PCC in the embryonic hindgut epithelium and the LR asymmetry of various organs are reversed from those in wild-type Drosophila (Fig. 1C) . Thus, it was proposed that these reversed states of PCC and organ laterality in Myo31DF mutants are the default state of LR asymmetry in Drosophila . According to this hypothesis, Myo31DF switches the mirror-image (sinistral) PCC found in Myo31DF mutants to wild-type (dextral) PCC . Myo31DF encodes a type I unconventional Myosin, Myosin ID Spé der et al., 2006) . To understand how Myo31DF directs PCC formation, it is important to address whether the process by which Myo31DF determines cell-shape chirality is cell-autonomous. The answer to this question will help indicate whether PCC is individually formed in each cell or reflects a LR polarity established at the tissue level.
We previously generated a genetic mosaic hindgut epithelium of homozygous mutant-Myo31DF cells, some of which overexpressed wild-type Myo31DF; that study showed that the LR-asymmetric distribution of DE-Cad is controlled cellautonomously by the Myo31DF gene . However, whether or not wild-type Myo31DF directs chiral cell-shape cell-autonomously has not been clarified. This is a difficult issue, because predicting how mechanical forces will interact among hindgut epithelial cells, which show both dextral and sinistral PCC, during the formation of cell-shape chirality is not easy. It is challenging to analyze the L152 homozygotes before and after rotation. In the samples after rotation, the percentage was determined separately for the embryos with normal laterality and for those with LR inversion. N = 14 and 7 embryos examined before and after rotation, for both normal laterality and LR inversion, respectively. * P < 0.05, unpaired t-test. The dorsal side of the embryo is shown in B, C, D, and E.
cell-autonomous components of mechanical force, since the forces can be transmitted across cells (Toyama et al., 2008; Aigouy et al., 2010; Trepat and Fredberg, 2011; Olguín et al., 2011) . Here, by taking advantage of the dextral and sinistral PCC occurring in wild-type and Myosin31DF (Myo31DF)-homozygous cells, respectively, we studied the cell-autonomy of cell-shape chirality formation. We also present our computer model that recapitulates an aspect of the cell-shape chirality behavior observed in vivo, indicating that mechanical-force interactions are involved in cell-chirality formation.
Results

2.1.
The inverse LR asymmetry of Myo31DF mutants is rescued by the intermingling of Myo31DF-overexpressing cells in a genetic mosaic hindgut
Myo31DF
L152 is a known amorphic allele of Myo31DF . In embryos that are homozygous for Myo31DF
L152
, the hindgut asymmetry is a mirror image of the wild-type asymmetry ( Fig. 1C) . Overexpressing UAS-Myo31DF-mRFP, which encodes an mRFPtagged wild-type Myo31DF, in hindgut epithelium completely rescued the LR-asymmetry defect, showing that UASMyo31DF-mRFP has wild-type function (Fig. 1D , Supplementary Table S1 online). To determine whether the chiral shape of these epithelial cells is formed intrinsically according to their PCC or is formed by mechanisms such as tissue or organ LR polarity, we studied the cell-autonomy of Myo31DF functions in forming the chiral cell-shape. We used a modified Cre-LoxP system, Aloxg-Gal4 , to generate genetic mosaic embryos consisting of Myo31DF L152 mutant epithelial cells, some of which overexpressed Myo31DF-mRFP (Fig. 1E) . In this paper, Myo31DF L152 homozygous cells overexpressing UAS-Myo31DF-mRFP will be called ''rescued cells.'' Clusters of rescued cells formed randomly in the hindgut epithelium of these mosaic embryos (Fig. 1E , arrowheads); these clones contained 1-11 cells (Fig. 1F , orange bar). First, we examined whether the LR asymmetry defects associated with the Myo31DF L152 mutation were rescued in these mosaic embryos. In more than 80% of the Myo31DF L152 homozygous embryos, the hindgut LR asymmetry was the mirror-image of that of wild-type (Fig. 1G Fig. 1H ), 37% of the epithelial cells were rescued, and in those that rotated right-handedly (LR Inversion in Fig. 1H ), 26% were rescued cells. Therefore, the percentage of rescued cells in the hindgut epithelium was positively correlated with normal hindgut laterality, further supporting the idea that cell-shape chirality contributes to the directional rotation of the hindgut.
2.2.
Overall cell-shape chirality coincides with the rotation direction of the mosaic hindgut
Considering that the LR inversion of the hindgut in Myo31DF L152 homozygotes was restored when the rescued cells were intermingled as a genetic mosaic, these mosaic hindgut epithelia could be used to study the cell-autonomy of Myo31DF function in PCC formation. In these experiments, the apical cell boundaries at the zonula adherens (ZA) were visualized using the PY20 antibody (shown in green), and the epithelial cells of the dorsal side of the hindgut were observed at late stage 12, before initiation of the left-handed rotation of the hindgut ( Fig. 2A and B ). To analyze cell-shape chirality, the angle between the apical cell boundary and anterior-posterior (AP) axis was measured (angle x shown in orange in Fig. 2A ), as described previously . The angles of the apical cell boundaries were documented in histograms in which the angle bin and the frequency of apical cell boundaries (%) are shown on the x and y axes, respectively (Fig. 2E ). When the angle frequencies were separated into a À90-0°a ngle bin (yellow bars) and a 0-90°angle bin (green bars), the hindgut epithelium of wild-type embryos had more apical cell boundaries in the À90-0°angle bin, which is dextral cellshape chirality, as reported before ( Fig. 2B and E, [1]) . The same analysis for the Myo31DF L152 homozygotes revealed sinistral cell-shape chirality, because more apical cell boundaries were observed in the 90-0°angle bin (green bar) than in the À90-0°angle bin (yellow bar) (Fig. 2C and E, [2] ) . Control embryos homozygous for Myo31DF L152 carrying Aloxg-GAL4 and UASMyo31-mRFP, but not Cre, (Myo31DF
L152
, Aloxg-GAL4/ Myo31DF L152 ; UAS-Myo31DF-mRFP) also showed sinistral PCC (Fig. 2E, [3] ). However, embryos homozygous for Myo31DF
carrying Aloxg-GAL4, UAS-Myo31-mRFP, and Cre, in which the mosaic hindgut epithelium was composed of Myo31DF L152 homozygous cells and rescued cells (shown in magenta), showed less prominent cell-shape chirality ( Fig. 2D and E, [4] ). Even under this condition, where the cell-shape chirality was less prominent, the hindgut underwent a complete 90 left-handed rotation in 80% of the embryos ( Fig. 1G [5]).
2.3.
Cell-shape chirality is formed intrinsically in each individual cell
The formation of less prominent cell-shape chirality in the mosaic hindgut epithelium suggests that Myo31DF L152 homozygous and rescued cells may interfere with each others' formation of chiral shape, although intrinsic PCC may be maintained within clusters of either cell type. To examine this possibility, we studied the autonomy of Myo31DF's function in forming the shape chirality of cells in mosaic epithelium. Apical cell boundaries were categorized as being (1) between two rescued cells (gray, Fig. 3A and B) (2) between a rescued cell and a Myo31DF L152 homozygous cell (orange, Fig. 3A and B), or (3) between two Myo31DF L152 homozygous cells (blue, Fig. 3A and B). The angle x of each type of apical cell boundary was measured in the hindgut epithelium of mosaic embryos at late stage 12. The apical cell boundary angles were again categorized into the À90-0°angle bin (yellow bar) and 0-90°a ngle bin (green bar) in a histogram (Fig. 3C) . Interestingly, the type (1) apical cell boundaries (between two rescued cells) showed significant dextral cell-shape chirality, with apical cell boundaries in the À90-0°bin being more frequent than those in the 0-90°bin. This result suggests that Myo31DF behaves cell-autonomously in the formation of dextral cellshape chirality. On the other hand, in type (2) and (3) apical cell boundaries, there was no significant difference between the frequency of apical cell boundaries in the À90-0°bin and 0-90°bin. These results suggest that the formation of sinistral cell-shape chirality in Myo31DF L152 homozygous cells in mosaic epithelia may be perturbed, possibly by the mirror image chirality of neighboring rescued cells. Based on these results, we speculate that cell-shape chirality forms according to the intrinsic PCC of individual cells, not the LR asymmetry of the organ or embryo. In addition, dextral cell-shape chirality may influence the formation of sinistral cell-shape chirality in surrounding cells. We constructed the same mosaic hindgut in a previous study to examine whether Myo31DF cell-autonomously determines the LR asymmetric distribution of DE-Cad . That analysis showed that the LR asymmetric distribution of DE-Cad in type (1) apical cell boundaries was reversed in type (3) apical cell boundaries . This is different from the current result, which demonstrates that the cell-shape chiralities of type (3) apical cell boundaries were randomized . Taken together, our previous and present results suggest that Myo31DF cell-autonomously controls the LR asymmetric distribution of DE-Cad, whereas cell-shape chirality is under the cell-nonautonomous influence of neighboring cells with a different PCC.
Intrinsic cell-shape chirality can be affected by adjacent cells
Given that the cell-shape chirality is affected in cells surrounded by both dextral-and sinistral-PCC neighbors, we speculated that the rescued cells' dextral cell-shape chirality might be suppressed to some extent by neighboring Myo31DF-mutant cells with sinistral PCC. However, even if this were the case, we might not detect this suppression when averaging the cell-shape chirality of all rescued cells, since the rescued cells' dextral cell-shape chirality was statistically significant, indicating that this suppression, if present, was overcome by the cells' intrinsic chirality. We predicted that if this were the case, the cell-shape chirality would be less prominent or absent entirely in smaller mosaic clones of rescued cells, since these cells would be more susceptible to mechanical forces from surrounding sinistral-PCC cells. Apical cell boundaries in the apical plane were detected by anti-PY20 antibody staining (green in the panels for Membrane and Merge). (E) Cell-shape chirality was measured in each of the genotypes indicated at the bottom. Yellow and green bars: the frequency of apical cell boundaries in the À90-0°and 0-90°angle bins, respectively. Scale bars: 1 lm. * P < 0.05; ** P < 0.005; n.s., no significance (P > 0.05), paired t-test. Numbers in parentheses: the number of embryos (left) and apical cell boundaries (right) analyzed.
To test this possibility, we measured the cell-shape chirality independently in rescued-cell clones of different sizes. Mosaic clones of rescued cells were categorized according to the number of cells in the clone (Fig. 3D) , and cell-shape chirality was calculated separately for each clone-size category. We found that smaller mosaics (composed of 1-8 cells) did not show cell-shape chirality (Fig. 3D) . However, clones containing at least 9 cells showed significant dextral cell-shape chirality (Fig. 3D) . These results suggest that the formation of cell-shape chirality in the rescued cells is subject to influences from the surrounding mutant cells. Taking into account that mutant cells are also under the influence of rescued cells, these results suggest that interactions occur among cells with dextral and sinistral cell-shape chiralities, potentially through mechanical forces.
Cell-shape chirality is affected by mechanical-force interactions between cells
To understand the mechanisms of the interactions between cells with different cell-shape chiralities, and the role of mechanical force in this process, we used a computer model to simulate the formation of cell-shape chirality in the mosaic hindgut. We previously constructed a model epithelial Fig. 2D ; apical cell boundary colors correspond to those in B. (B) Apical cell boundaries were categorized into three types depending on the adjacent cell types. Myo31DF L152 homozygous cells (mutant) and these cells overexpressing Myo31DF-mRFP (rescued) are shown as Myo31DF(À) (white) and Myo31DF(+) (magenta), respectively. Type (1) apical cell boundaries are boundaries between two rescued cells (rescued:rescued boundary, gray). Type (2) are between rescued cell and mutant cell (rescued:mutant boundary, orange). Type (3) are between two mutant cells, (mutant:mutant boundary, blue). (C) Cell-shape chirality in mosaic epithelia (Fig. 2D ) was measured independently for each apical cell boundary type shown in B. (D) Cell-shape chirality in each cluster rescued cell was measured independently, and the mean cell-shape chirality for clusters with the clone sizes indicated at the bottom were calculated. Yellow and green bars: frequency of apical cell boundaries in the À90-0°and 0-90°angle bins, respectively. * P < 0.05; n.s., no significance (P > 0.05), paired t-test. In C, numbers in parenthesis indicate the number of embryos (left) and apical cell boundaries (right) analyzed, respectively. In D, the numbers in parenthesis indicate the number of clones (left) and apical cell boundaries (right) analyzed, respectively.
tube mimicking the in vivo structure of this tissue , which suggested that the cell-shape chirality transition from dextral to LR symmetry is sufficient to induce the left-handed 90°rotation of the hindgut. In the present study, we tried to recapitulate various conditions of cellshape chirality observed in the mosaic epithelium of the embryonic hindgut before its rotation in vivo. Under these conditions, type (1) apical cell boundaries showed significant dextral cell-shape chirality, but type (2) and (3) apical cell boundaries had no LR bias in cell shape. In the model adapted from our previous study, apical cell boundaries had line tension energy U elas controlled by a maximum line tension angle parameter h 0 and its strength parameter v, defining the heights of U elas at h = h 0 and h 0 + p relative to those at h = h 0 + 1/2p and h 0 + 3/2p (see Supporting Information for details). These parameters were intended to simulate the cell membrane tension along apical cell boundaries in a model epithelium. The initial cell shapes were randomly generated to avoid LR bias; dextral or sinistral cell-shape chirality was introduced by setting h 0 to À45°and 45°, respectively, to the anteroposterior (AP) axis (Fig. S1 ). These dextral and sinistral cell shapes induced corresponding rotation in the hindgut tube model ( Fig. S1 ). In the present study, we tested whether changing the strength of contraction forces applied to the three types of apical cell boundaries could improve our computer model of mosaic hindgut epithelium. According to our in vivo data, left-handed rotation of the hindgut occurred when about 35% of the hindgut epithelial cells in the mosaic tissue were rescued cells (Fig. 1F) . Therefore, 35% of the model cells were randomly selected as rescued cells in the simulation, and the clone size distribution was similar to those observed in vivo (Fig. 1F) . The apical cell boundaries were categorized into types (1)-(3) according to the criteria used in vivo, as described above (Fig. 4A and B ). In the model, each of the three different types of apical cell boundaries denoted by a had a different maximum line-tension angle parameter h 0 a and its strength parameter v a . To mimic mosaic epithelia, we assigned different parameters for the line-tension angle and strength for each apical cell boundary type.
We first addressed whether cell-shape chirality in the mosaic hindgut in vivo could be mimicked by modifying the maximum line-tension angle applied to each apical cell boundary type. h 0 a for the type (1) and type (3) apical cell boundaries was set to À45°and 45°to the AP axis, respectively, since the apical cell boundaries between two rescued cells or two Myo31DF-mutant cells appear to reflect their respective PCCs (Fig. 4C ). h 0 a for the type (2) apical cell boundaries was set to À10°, 0°, and 10°, because we speculated that LR biases should be largely canceled in the type (2) apical cell boundaries formed between sinistral and dextral cells (Fig. 4Ci-iii) . However, these parameters in a mosaic model could not mimic the cell-shape chirality seen in vivo, indicating that the maximum-angle parameters are insufficient to explain the formation of cell-shape chirality in vivo (Fig. 4D) . In addition to LR bias in line tension, we introduced distinct line-tension strengths for each type of apical cell boundary. Extensive simulations in which v a was changed by 0.1 from 1.0 to 2.5 for each apical cell boundary type were performed under the conditions that the maximal line-tension angle of type (1), type (2), and type (3) boundaries was fixed at À45°, 0°, and 45°, respectively. Sets of v a parameters that recapitulate the in vivo characteristics of cell-shape chirality were determined (shown in three-dimensional coordinate blue dots in Fig. 5A ). Each of the blue dots in the graph represents a combination of v a for each kind of apical cell-boundary type. Aside from the three-dimensional coordinates shown, other combinations of v a failed to mimic the characteristics of cell-shape chirality observed in vivo, in which type (1) apical cell boundaries showed dextral cell-shape chirality and types (2) and (3) apical cell boundaries did not show any cell-shape chirality (Fig. 5C-E) . To compare the requirements of line-tension parameters for the different types of apical cell boundaries, the three-dimensional plot was converted to a two-dimensional plot, showing v a for two out of the three apical cell-boundary types (Fig. 5B ). This analysis revealed that differences in line tension among the three types of apical cell boundaries were required. Specifically, a higher line tension was needed for the type (1) than for the type (3) apical cell boundary, when the line tension was maximized at À45°and 45°, respectively ( Fig. 5A and Bi). In this analysis, the line tension for the type (2) apical cell boundaries needed to be higher than for type (3), but there was no obvious pattern with respect to the type (1) apical cell boundary ( Fig. 5Bii and iii) . Under these conditions, our model mimicked the chiral cell-shape characteristics of the mosaic hindgut epithelium observed in vivo (Fig. 5C-E) . Our model implies that the contraction force of apical cell boundaries in Myo31DF-mutant cells may be weaker than that of the rescued cells. Thus, Myo31DF may contribute to the generation of line tension. Our simulation also suggests that the cell-shape chirality behaviors in the mosaic hindgut epithelium can be explained by the mixing of two cell populations that can induce either dextral or sinistral cell-shape chirality as a reflection of their intrinsic PCC. Based on these results, we speculated that dextral and sinistral cell-shape chiralities can interfere with each other through the interaction of mechanical forces.
2.6.
Myo31DF may suppress the elongation of hindgut epithelial-apical cell boundaries during hindgut rotation
We previously showed that the apical cell boundaries in hindgut epithelium become elongated during the hindgut's 90°left-handed rotation . In Myo31DF
L152
-mutant embryos, these apical cell boundaries are more elongated than in wild-type embryos, suggesting that Myo31DF may suppress the elongation of apical cell boundaries . Moreover, our computer simulation model suggested that Myo31DF contributes to generating line tension. Thus, we speculated that a similar suppression of apical cell boundary elongation might be observed in rescued cells in the mosaic hindgut. To test this possibility, we compared changes in apical cell boundary length before and after hindgut rotation between rescued and mutant cells in the mosaic hindgut ( Fig. 2D and Fig. 6A ). For technical reasons, we could not trace changes in the length of individual apical cell boundaries during hindgut rotation in live embryos. However, we were able to measure and compare the average length of boundaries before and after hindgut rotation according to boundary type. Although type (1) and type (2) boundaries were not significantly longer after rotation (Fig. 6A-C) , the type (3) apical cell boundaries showed significant elongation (Fig. 6A-C) . These results can be explained by greater line tension on type (1) and type (2) apical cell boundaries, which would restrict boundary elongation, than on type (3) boundaries (Rauzi et al., 2010) . Alternatively, type (3) boundaries may have stronger cell-cell adhesion than type (1) or type (2) apical cell boundaries (Blankenship et al., 2006) . In any case, this observation was consistent with cell-shape chirality being intrinsically formed in each cell. However, our present model failed to recapitulate the rotation of the hindgut epithelial tube, so we could not evaluate the significance of apical cell boundary elongation in hindgut rotation using this model.
To address potential mechanisms for increasing the length of type (3) apical cell boundaries in the mosaic hindgut in vivo, we studied the localization of several proteins that are known to regulate mechanical force in epithelial tissues. F-actin accumulates at the apical cell boundaries and generates contraction forces that reduce apical cell boundary length (Heisenberg and Bellaïche, 2013) , although F-actin can also accumulate in some tissues as a consequence of apical cell boundary contraction (Huveneers and de Rooij, 2013) . The contraction of apical F-actin in epithelial cells largely depends on Myosin II (Gorfinkiel and Blanchard, 2011) . Myosin II activity is positively regulated by the phosphorylation of a Myosin II regulatory light chain, encoded by the squash gene in Drosophila (Okumura et al., 2010) . In addition, the adhesion molecule DE-Cad provides a physical link between the (D) Cell-shape chirality of computer simulations using different maximum-angle parameters for each boundary type (angle parameters shown above each histogram) (i)-(iii). Different angle dependencies and line-tension strengths for type (2) apical cell boundaries, shown in orange in C(i)-(iii), were applied to the computer simulation in combination with the angle dependencies and line tensions for type (1) and type (3) apical cell boundaries shown in C (gray and blue, respectively). Cellshape chirality of different types of apical cell boundaries, indicated below, was calculated. Yellow and green bars: frequency of apical cell boundaries in the À90-0°and 0-90°angle bins, respectively. * P < 0.05; ** P < 0.005; n.s., no significance (P > 0.05), paired t-test. Diagrams show the model epithelium after applying the different maximum-angle parameters specified in (i)-(iii). In D, numbers in parenthesis indicate the number of apical cell boundaries analyzed.
actin-Myosin II complex and the plasma membrane, through which mechanical forces generated by these molecules are transduced to the plasma membrane (Borghi et al., 2012) .
Therefore, we analyzed F-actin, phosphorylated Squash, and DE-Cad in the mosaic hindgut epithelium (Fig. 7) . In the hindgut epithelium, F-actin, detected by phalloidin staining boundary type a used in a computer model that recapitulated the cell-shape chirality formation in the mosaic hindgut in vivo. Gray, orange, and blue lines correspond to the parameters for type (1) (h 0 1 = À45°and v 1 = 1.9), type (2) (h 0 1 = 0°and v 1 = 1.8), and type (3) (h 0 1 = 45°and v 1 = 1.1) apical cell boundaries, respectively. (E) Cell-shape chirality in our model epithelial cells recapitulating in vivo situations was measured for each type of apical cell boundary as shown in post-polarization images in C. Numbers in parentheses show the number of apical cell boundaries analyzed. Yellow and green bars: frequency of apical cell boundaries in the À90-0°and 0-90°angle bins, respectively. * P < 0.05; n.s., no statistical significance (P > 0.05), paired t-test. , was observed in the cytoplasm, and was occasionally concentrated at the sub-apical cortex (Fig. 7A) . However, we did not observe differences in the amount or distribution of F-actin between rescued cells and Myo31DF-mutant cells. In hindgut epithelial cells, phosphorylated Squash was detected as puncta in the cytoplasm (Fig. 7B) .
The distribution and intensity of punctate phosphorylated Squash staining was not affected in Myo31DF-mutant cells in the mosaic hindgut (Fig. 7B) . We previously reported that the distribution of DE-Cad at the ZA of hindgut epithelium shows dextral and sinistral LR asymmetry in type (1) and type (3) apical cell boundaries, respectively . Here, we analyzed the potential effect of Myo31DF on the overall intensity and distribution of DE-Cad. With the exception of the LR-polarized distribution of DE-Cad protein, which becomes apparent by measuring the intensity of immunostaining against DE-Cad (Taniguchi et al., 2011) , no difference was observed in the overall intensity of DE-Cad staining in rescued and Myo31DF-mutant cells in the mosaic hindgut (Fig. 7C) . These results suggest that the suppression of elongation in type (3) apical cell boundaries may not be directly controlled by the amount and distribution of Myosin II.
2.7.
Myo31DF's LR-symmetric distribution in hindgut epithelial cells suggests that its static distribution is not responsible for the potential LR bias in line tension
In our computer simulation, we introduced an LR bias in line tension on apical cell boundaries (Fig. 5) . In addition, the results described above suggested that Myo31DF may increase contraction forces at apical cell boundaries. Thus, to address the molecular mechanism of cell-shape chirality formation, we studied the subcellular localization of endogenous Myo31DF protein. We stained wild-type embryos at late stage 12 with an anti-Myo31DF antibody (Fig. 8A) . Strong punctate signals were detected in the cytoplasm of wild-type hindgut epithelial cells, as previously described (Fig. 8B and C ) . Similar punctate staining of the Myo31DF protein is observed in the Drosophila male genitalia (Petzoldt et al., 2012) . This strong punctate signal was not observed in the hindgut epithelial cells of embryos homozygous for Myo31DF K2 , a null mutant allele of Myo31DF; however, weak background staining was observed in these cells (Fig. 8D ). These observations suggested that the strong punctate signal seen the wild-type hindgut epithelium represented the endogenous Myo31DF distribution. The distribution of these puncta was slightly higher in the apical than the basal region, as previously reported (Fig. 8B) .
We next analyzed the LR asymmetry of Myo31DF's distribution. Since many facets of epithelial morphogenesis can be explained by cell-shape changes at the apical surface, we focused on Myo31DF's subcellular localization in the apical region of the hindgut epithelium. We detected the outline of hindgut epithelial cells at the ZA by anti-PY20 antibody staining, and calculated the position of the centroid for each cell . Each epithelial cell was placed in two-dimensional coordinates, composed of the LR and AP axes, in which the centroid of each cell was the point of intersection of the axes (Fig. 8E) . In Myo31DF K2 homozygotes, staining the hindgut epithelium with the anti-Myo31DF antibody produced a weak background signal. This background staining was removed by cutting off the weak signaling range (Fig. 8D binary) . We applied the same conditions to remove background signals when analyzing images from wild-type embryos (Fig. 8C binary) . We then plotted the relative homozygous cells, including some cells overexpressing Myo31DF-mRFP (magenta in middle and right panels) at stage 13, after rotation of the hindgut. Apical cell boundaries of hindgut epithelium on the ZA plane were detected by anti-PY20 antibody staining (green in left and right panels). Magenta shows RFP staining. Scale bar: 2 lm. (B) Apical cell boundaries were categorized according to the adjacent cell types, as described in Fig. 3 . Boundary types: Type 1, between two rescued cells (gray); type 2, between a mutant cell and rescued cell (orange); or type 3, between two mutant cells (blue). The average boundary length (lm) is shown for each boundary type. Bars represent the apical cell boundary length before (blue) and after (magenta) hindgut rotation. Number pairs in parenthesis indicate the number of apical cell boundaries analyzed before (left) and after (right) hindgut rotation; 14 and 4 embryos were analyzed before and after rotation. n.s., no statistical significance (P > 0.05), unpaired t-test. (C) Schematic drawing showing changes in apical cell boundary length before and after rotation of the hindgut for the apical cell boundary types shown at left.
positions of the puncta, considered as the specific Myo31DF signal, as coordinates (Fig. 8F) . The average position of the puncta was calculated for each cell, and the number of cells was compared according to whether the average position of the puncta was to the left or right of the cell centroid (Fig. 8G) . However, we did not observe significant LR asymmetry in the distribution of these puncta, which represented the endogenous distribution of the Myo31DF protein (Fig. 8G) . We also observed that some Myo31DF-containing puncta overlapped with PY20 staining (Fig. 8C arrowhead) . At this point, it is not clear whether the Myo31DF protein also localizes to the sub-apical plasma membrane, or if puncta containing Myo31DF are present adjacent to the apical plasma membrane. Nevertheless, it is possible that these Myo31DF-containing structures are relevant to Myo31DF's function, as is the case with Myosin II (Rauzi et al., 2010) . Thus, we analyzed the distribution of Myo31DF-containing puncta in or near the sub-apical plasma membrane for LR asymmetry. First, we subtracted the weak background signals of Myo31DF staining observed in Myo31DF K2 embryos from the staining signals in wild-type embryos, as when analyzing the average position of Myo31DF-containing puncta within a cell (Fig. 8D) . Then, we compared the average number of Myo31DF-containing puncta along each apical cell boundary categorized as having a boundary angle in the À90-0°bin (green bar) or 0-90°bin (orange bar) (Fig. 8H) . However, we did not find significant LR bias in the number of Myo31DF-containing puncta (Fig. 8H) . These results suggest that the LR asymmetry of Myo31DF's static distribution is unlikely to contribute to the formation of cell-shape chirality.
Discussion
Cell-shape chirality is individually determined in each cell
Our previous study suggested that cell-shape chirality is a likely mechanism for the development of LR asymmetry in the Drosophila embryonic hindgut . However, the mechanisms that form chiral cell shape remain unknown. In the present study we used a genetic mosaic, in which cells with different chiralities were intermingled, to investigate the cellular mechanisms behind the formation of cell-shape chirality. Hindgut epithelial cells in Myo31DF mutants have sinistral cell-shape chirality; however, in Myo31DF mutant embryos that overexpress Myo31DF in the The distribution of Myo31DF puncta on the right or left side of the centroid is shown in a bar graph. Myo31DF puncta were analyzed from six wild-type embryos. (H) The distribution of Myo31DF puncta overlapping with apical cell boundaries between either a À90-0°or a 0-90°angle bin to the AP axis. The distribution is shown as the average number of Myo31DF puncta in the region within 1 lm of a apical cell boundary. We examined 155 and 121 apical cell boundaries from six embryos for apical cell boundaries with angle bins of À90-0°and 0-90°to the AP axis, respectively. The means of two distributions were compared using an unpaired t-test. Scale bar: 4 lm. whole hindgut, the hindgut epithelial cells show dextral cellshape chirality . Thus, each of these two cell types has an intrinsic ability to develop a certain cell-shape chirality, the direction of which coincides with the LR direction of the hindgut twist. Therefore, to study the cell-autonomy of cell-shape chirality formation, we here generated mosaic embryos of Myo31DF-mutant cells and rescued cells, that is, Myo31DF-mutant cells overexpressing Myo31DF.
Rescued cells in the hindgut epithelium of these mosaic embryos showed significant dextral cell-shape chirality, as predicted from the cell-autonomous function of the Myo31DF gene, although Myo31DF-mutant cells in the mosaic hindgut did not form shape chirality. These results suggest that the dextral cell-shape chirality in rescued cells occurred independently of neighboring mutant cells, at least under some conditions. Therefore, cell-shape chirality may be formed in each individual cell through an intrinsic mechanism that does not rely on environmental factors, such as the LR polarity at the tissue or embryo level. We previously reported that the LR asymmetric localization of DE-Cad was established cellautonomously through Myo31DF function . This previous finding is consistent with the idea that cell-shape chirality is intrinsically formed in each individual cell and reflects the PCC of each cell.
3.2.
Cells with different cell-shape chiralities interact with each other, probably through mechanical force
In addition to the cell-autonomous behavior of Myo31DF in cell-shape chirality formation, our analyses revealed that cells with different cell-shape chiralities may affect the chiral development in neighboring cells. First, Myo31DF-mutant cells in mosaic embryonic hindgut failed to develop significant cell-shape chirality, although in non-mosaic embryonic hindgut composed entirely of Myo31DF-mutant cells, these cells developed sinistral cell-shape chirality. Thus, the intermingling of rescued cells, which have dextral cell-shape chirality, interfered with the potential formation of sinistral cell-shape chirality in Myo31DF-mutant cells. Second, although hindgut epithelium composed entirely of rescued cells showed dextral cell-shape chirality, small rescued-cell clones (2-8 cells) in the mosaic epithelium did not form significant cell-shape chirality. However, larger rescued-cell clones of 9 or more cells in mosaic epithelium developed significant cell-shape chirality. Both results suggest that the rescued cells' shape-chirality formation is affected by adjacent cells with a different chirality. In either case, when cells with different cell-shape chiralities are intermingled, the cells' ability to form cell-shape chirality is perturbed through interactions between the cells.
Intercellular interactions among cells with different shape chiralities can be explained by various cellular mechanisms, such as cell signaling through secretory ligands or gap junctions (Briscoe and Thé rond, 2013; Baarsma et al., 2013; Maeda and Tsukihara, 2011) . However, our computer model suggests the that LR-asymmetric mechanical forces, which are potentially responsible for forming chiral cell shape, may interfere with each other when cells with dextral and sinistral cell-shape chiralities are mixed. Therefore, we think it is more likely that neighboring cells with the potential to develop either sinistral or dextral cell-shape chirality can interfere with each others' formation of chirality through mechanical-force interactions.
3.3.
Limitations of our current computer model, implying that additional mechanisms are needed to ensure the stable rotation of the hindgut in both directions In our computer model of hindgut epithelium composed of cells that are uniformly dextral or sinistral in cell-shape chirality, we can recapitulate the in vivo rotation of the hindgut tube in these respective directions. These models can also mimic the rotation of the hindgut tube when any LR bias of apical cell boundary contraction is removed, causing the model epithelial cells to become LR-symmetric . However, our present model of mosaic hindgut epithelium failed to recapitulate the bi-stable states of the mosaic hindgut rotation that generate the 90°rotation, either left-handed (80%) or right-handed (20%), seen in vivo. In the mosaic hindgut model, simply releasing the LR bias from apical cell boundary contractions did not induce a complete 90°t wist in either direction in most trial runs (data not shown). Thus, our model of mosaic hindgut epithelium must lack some parameters that are essential for mimicking a complete 90°twist in either direction.
Our analysis of apical cell boundary elongation before and after rotation of the mosaic hindgut in vivo suggested that higher mechanical forces in the rescued cells suppress the elongation of apical cell boundaries, since boundaries shared by two Myo31DF-mutant cells were elongated after hindgut rotation. This result suggests that wild-type Myo31DF may restrict the elongation of apical cell boundaries by introducing mechanical forces. In addition, in the mosaic hindgut model, positive parameter sets recapitulating the in vivo conditions before rotation suggested that the mechanical force introduced through line-tension parameters must be greater for rescued than for Myo31DF-mutant cells. This model may also support our idea that wild-type Myo31DF increases contraction forces on apical cell boundaries. However, since our current model of the mosaic hindgut failed to recapitulate the mosaic hindgut's rotation, this possibility could not be integrated into the current model, or its effect on hindgut rotation tested.
Squash protein (Zhang and Ward, 2011) . However, we did not find any marked differences in either the overall amount or distribution of these proteins between the two cell types, indicating that the static protein distribution may not be responsible for proposed differences in the contraction force on apical cell boundaries between the two cell types. In contrast to the specific localization of DE-Cad to the sub-apical plasma membrane, F-actin and phosphorylated Squash were detected as puncta distributed almost evenly in the cytoplasm of the hindgut epithelial cells (Fig. 7A and B) . Therefore, it was difficult to evaluate LR asymmetry in their distributions quantitatively, and we did not analyze it in this study. It has been reported that in some cases, these proteins' kinetics and dynamics offer a better indicator of their cellular bias in activity than does their static localization (Rauzi et al., 2010) . Therefore, static distribution alone does not rule out the possibility that these proteins contribute to the mechanical forces involved in forming cell-shape chirality.
Static Myo31DF distribution shows LR symmetry
Since LR asymmetry is reversed in various organs in Myo31DF homozygotes, the distribution of the Myo31DF protein may offer some insight into its cellular function Spé der et al., 2006) . Myo31DF is reported to colocalize with DE-Cad and F-Actin in Drosophila male genitalia, although the details of its molecular function are elusive (Petzoldt et al., 2012) . In this report, we examined the subcellular localization of Myo31DF for LR bias in hopes of finding clues to the molecular mechanism of cell-shape chirality formation. Myo31DF protein was enriched in the apical region of the hindgut epithelium, with no significant LR bias in distribution. Time-lapse imaging may be necessary to analyze LR asymmetry in Myo31DF's dynamic activity. At present, it is difficult to clearly visualize the Myo31DF distribution in live embryos, because the hindgut is located in the center of the embryo.
3.6.
Cell-shape chirality may be a conserved mechanism contributing to LR-asymmetric development in animals 4.5.
Generation of Drosophila embryonic mosaics
Mosaic embryos composed of Myo31DF L152 homozygous cells and rescued cells (Myo31DF L152 homozygous cells overexpressing UAS-Myo31DF-mRFP) were generated using the Aloxg-Gal4 system as previously described . Cre was expressed maternally and zygotically using y , Aloxg-Gal4; UAS-Myo31DF-mRFP/+ embryos were collected at 25°C. Mosaic embryos were selected based on mRFP expression and the absence of anti-b-galactosidase antibody staining.
4.6.
Analysis of cell-shape chirality
Cell-shape chirality was analyzed as previously described . For technical reasons, we analyzed apical cell boundaries at the optical planes of the ZA of dorsal hindgut epithelium, although similar cell-shape chirality is observed on the ventral side . Comparison of the cell-shape chirality among different boundary types in the mosaic epithelium was done in a blind manner; the distinction among apical cell boundary types was not known to the experimenter who measured the cell-shape chirality. After measuring the shape chirality, the apical cell boundaries were categorized by type as shown in Fig. 4 ; standard errors were obtained from the indicated number of embryos (N) shown above the error bars. The means of two angle bins were compared by paired t-test, and a P-value (P) < 0.05 was considered significant.
Analysis of apical cell boundary length in hindgut epithelium
The PY20 antibody was used to visualize the boundaries of hindgut epithelial cells in mosaic embryos. Apical cell boundaries at the optical plane of the ZA of dorsal hindgut epithelium were imaged late in stage 12, and the boundary lengths were measured using ImageJ version 1.47 g (http://rsb.info.nih.gov/ ij/). The mean length of each type of apical cell boundary was compared in embryos before or after hindgut rotation.
Myo31DF protein distribution in the hindgut epithelium
To visualize endogenous Myo31DF protein in embryonic hindgut epithelium, we stained wild-type embryos using an antibody against Myo31DF. This antibody was created in guinea pigs by injecting two peptides, CSKHPHYTSRQLKPTDKE and CANDNELRQYELQKETGK, which corresponded to the deduced peptide sequence of the head domain. In embryos homozygous for Myo31DF
K2
, a null allele of Myo31DF, the antibody's normally strong signal was detected as a weak background signal in the hindgut. This weak background signal was subtracted from the immunostaining intensity in wild-type embryos using the threshold command in ImageJ software, version 1.47g (http:// rsb.info.nih.gov/ij/). A threshold level that mostly abolished the weak background signal in Myo31DF
K2 homozygotes was applied to images from wild-type embryos. The position of the cell centroid was calculated using ImageJ, and the position of each Myo31DF punctum was placed in two-dimensional coordinates (anterior-posterior and left-right) relative to the position of the cell centroid. We then calculated the average position of the puncta in each cell, and we compared the number of cells that had puncta with an average position to the left or right side of the cell centroid.
To detect LR asymmetry in the Myo31DF puncta associated with apical cell boundaries, we first calculated the average number of puncta within 1 lm of the apical cell boundary. We then compared these averages between apical cell boundaries having an angle À90-0°or 90-0°relative to the AP axis.
Statistics
To compare the mean between two data sets, a paired or unpaired t-test was performed using Excel (Microsoft) or R (R Foundation for Statistical Computing). Significant differences were defined as P < 0.05 or P < 0.005.
Computer-simulated recapitulation of cell-shape chirality formation
We used a vertex dynamic cell model, modified from our previously described model, to simulate the dynamic changes occurring in epithelial apical cell boundaries during cellshape chirality polarization in the mosaic hindgut tube. Our simulation model was based on a model introduced by Nagai and Honda Nagai and Honda, 2001 ). For further information, see Supplemental material online.
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